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 Abstract 
Topological semimetal is a topic of general interest in material science. Recently, 
a new kind of topological semimetal called type-II Dirac semimetal with tilted Dirac 
cones is discovered in PtSe2 family. However, the further investigation is hindered 
due to the huge energy difference from Dirac points to Fermi level and the irrelevant 
conducting pockets at Fermi surface. Here we characterize the optimized type-II Dirac 
dispersions in a metastable 1T phase of IrTe2. Our strategy of Pt doping protects the 
metastable 1T phase in low temperature and tunes the Fermi level to the Dirac point. 
As demonstrated by angle-resolved photoemission spectra and first principle 
calculations, the Fermi surface of Ir1-xPtxTe2 is formed by only a single band with 
type-II Dirac cone which is tilted strongly along kz momentum direction. Interesting 
superconductivity is observed in samples for Dirac point close to Fermi level and 
even survives when Fermi level aligns with the Dirac point as finite density of states 
created by the tilted cone dispersion. This advantage offers opportunities for possible 
topological superconductivity and versatile Majorana devices in type-II Dirac 
semimetals. 
  Topological semimetals (TSM) have generated wide spread interest in materials 
science. Multiple series of topological nontrivial TSM are widely researched 
including Dirac semimetals (DSM)
1-4
, Weyl semimetals (WSM)
5-7
, nodal-line 
semimetals
8,9
 as well as Lorentz invariance breaking type-II WSMs
10-12
. Recently, the 
concept of broken Lorentz invariance is also introduced to DSM resulting a new 
emerging system named type-II DSM, where the Dirac cones are greatly tilted in a 
momentum direction
13-20
, leading to modulated effective mass and versatile device 
opportunities
21-23
. In case of coexisting superconductivity, topological 
superconductivity (TSC)
24-28
 may be expected with the potential future of Majorana 
fermion
24-32
 and topological quantum computation
33,34
, where broader momentum 
dispersion hosts more freedoms. The real materials of type-II DSM are discovered in 
1T-phase PtSe2 family, i. e. PtSe2, PtTe2 and PdTe2, recently
13,15-18
. All these materials 
are group-10 transition-metal dichalcogenides (TMDC) with similar structures with 
3 1P m  space group and offers very similar electronic structures of type-II Dirac 
dispersions which is protected by C3v rotation symmetry
13,14
. 
In spite of wide researches, all these materials are plagued by an issue that the 
Dirac points are far below the Fermi level and there are several trivial bands crossing 
the Fermi surface
13-18
, which hinders the materials from transport studies and future 
application. Thus it is crucial to discover a type-II DSM system with Dirac points 
closer to Fermi level as well as kill the trivial pockets. As the Dirac dispersion is 
protected by crystal symmetry, substituting group-9 transition metals, e. g. iridium, for 
Pt/Pd and forming IrTe2 with 1T-phase can pull the Dirac point closer to Fermi surface 
 with keeping the Dirac dispersion. However, as what commonly happens in TMDCs, 
1T-IrTe2 is metastable and a charge density wave (CDW) transition to monoclinic 
structure occurs in low temperature. Thus, Dirac dispersion in IrTe2 no longer 
survives
35-40
. 
Here we report our strategy of platinum doping in metastable 1T phase of IrTe2, 
which not only stabilize the metastable 1T-phase by suppress the CDW transition but 
also tunes the Fermi level to the Dirac point by introducing carriers. As demonstrated 
by angle-resolved photoemission spectra (ARPES) and first principle calculations, the 
type-II Dirac point approaches to Fermi level by adjusting doping strength as 
expected and a single band with Dirac cone is formed at Fermi surface. Interesting 
superconductivity is observed in samples for Dirac point close to Fermi level. This 
offers the opportunities for possible TSC and mysterious Majorana fermions. 
Our strategy is first demonstrated by the first-principle calculations. We 
calculated the band structure of IrTe2 (Fig. 1a-b). The crystal structure and Brillouin 
zone (BZ) are shown in Fig. 1c and d respectively. There are two bands cross the 
Fermi level, forming a band crossing feature near the Fermi level along the Γ-A 
direction (marked by the red arrows). As these two bands belong to different 
representations (G4 and G5,6 respectively), the spin-orbital coupling (SOC) cannot 
open a gap at cross point and instead a gapless Dirac cone with linear dispersion is 
formed. This is determined by the C3v symmetry in the system with inversion 
symmetry and time-reversal symmetry
13,14,41
. It is obvious from Fig. 1a and b that the 
Dirac cone is untilted in kx-ky plane (T-D-S direction) but tilted strongly along kz 
 direction (A-Γ-A direction), which is the characteristic of the type-II Dirac fermions. 
According to our calculations, the Dirac point is 200meV higher than Fermi level, 
much closer than PtSe2 family
14
. If some of the Ir atoms can be substitute by Pt, as 
discussed above, to make an Ir1-xPtxTe2 sample, The Dirac point will drop down and 
align with Fermi level at a certain doping level. In addition to the tunable Fermi level, 
an ideal type-II Dirac semimetal with single Dirac transport will be held in Ir1-xPtxTe2 
materials. We delightedly found that there are only two bands which forming the 
Dirac cone cross the Fermi level in IrTe2 and other irrelevant bands are all far away 
from Fermi surface (Fig. 1a-b). This means for a wide range of doping level x, the 
Fermi surface in Ir1-xPtxTe2 is formed by a single band with Dirac cone. As a character 
of type-II Dirac dispersion, a pair of hole-like and electron-like pockets will be 
formed by the tilted Dirac cone. Fig. 1e and f are the constant energy surface of Fermi 
level and 0.2eV higher than Fermi level (i.e., the energy of Dirac point) respectively 
and the pair of hole-like (red color) and electron-like (blue) pockets can be clearly 
seen. In Fig. 1f, the hole-like pocket is located at the center of BZ. The shape of 
electron-like pocket is complex and divided into two parts by the boundary of BZ. 
The outer part has the lantern shape and traverses the BZ along kz direction, while the 
inner part is ellipsoid shaped and touches with hole-like pocket at Dirac points 
(indicate by the black arrows). No other irrelevant pockets can be found both in Fig. e 
and f, the single band of Dirac cone crossing the Fermi level is thus further confirmed. 
Single crystal IrxPt1-xTe2 with different x was grown by self-flux method. 
Millimeter-sized crystals with hexagonal shape were obtained (inset in Fig. 2a), which 
 could be exfoliated by a knife easily. Fig. 2a shows the powder x-ray diffraction data 
of one typical Ir1-xPtxTe2 sample. As there’s no standard diffraction card of these 
doped samples to consult to, we use the crystal model with 3 1P m  space group to fit 
the experimental data. The fitting curve (black curve) is consistent with the 
experimental data (red dots), indicating the pure 1T phase of Ir1-xPtxTe2 samples in 
room-temperature. Fig. 2b shows the energy dispersive spectra (EDS) of one typical 
sample and the inset shows part of the EDS which correspond to the La peaks of Ir 
and Pt from samples with different x. The peaks height is normalized by the peaks 
from Te around 4 keV. The ratio of two elements changes clearly and indicates the 
successful control of doping in Ir1-xPtxTe2.  
As discussed above, a CDW phase transition may occur in this system and kills 
the 1T-phase as well as the Dirac dispersions when the temperature decreases, it is 
necessary to check whether the 1T phase still survives in our samples under low 
temperature. Fig. 2c displays the resistance versus temperature of four Ir1-xPtxTe2 
samples with different x from 0.1-0.4. The cooling curve and the heating curve of 
each sample are perfectly coincident and no sudden jump occurred, indicating no 
crystal phase transition in these samples. Combining with the XRD results, the 
stability of 1T-phase is confirmed in our samples. In addition, one may notice that the 
sample of x=0.1 (black curve) shows superconducting behavior with Tc=1.7K, which 
will be further discussed below. 
After the 1T phase was confirmed in Ir1-xPtxTe2, we performed ARPES 
measurements to detect the band dispersions in our samples and compare with the 
 DFT calculation. Fig. 3 a-c are the band dispersions along K-Г-M direction of 
Ir1-xPtxTe2 with different x. The black dash lines are theoretical band calculation of 
IrTe2. The Fermi energy of calculation in each panel is shifted and the calculation data 
is consistent with the experimental data. The offset of Fermi level in different samples 
is obvious. For the sample of x=0.2, the Dirac point is a little bit higher than Fermi 
level (~0.05eV). For the sample of x=0.3, the Dirac point is aligned with Fermi level. 
For the sample of x=0.4, as more Pt atoms inject more electrons into the solid, the 
Dirac point is about 0.2eV lower than Fermi level and the upper part of the Dirac cone 
can be detected by ARPES. The artificial tuning of Fermi level near Dirac cone in 
Ir1-xPtxTe2 by changing the dopant strength is thus confirmed. We also measured the 
constant energy contours in our sample. The upper panel in Fig. 3d shows the constant 
energy mappings of x=0.2 sample measured at Fermi energy to 1eV lower than Fermi 
energy. The corresponding theoretical calculations of IrTe2 after Fermi energy shift 
are displayed in the lower panel and well agree with the experiment. One may also 
notice that in Fig. 3a there is a cross-like band marked by the yellow dot lines (also in 
Fig 3b and c but obscure). We believe this is a surface Dirac cone state which is 
consistent with previous reports
13,42
. 
To reveal the bulk properties of the Dirac cone in Ir1-xPtxTe2, we use various 
photon energies to collect the kz dispersions of our samples. Fig. 4b-g show the 
dispersions of sample with x=0.2 measured at photon energy from 18.5eV to 23.5eV 
and the dash lines are theoretical band calculation of IrTe2 (after Fermi energy shifting) 
at corresponding kz momentum. The kz values are calculated with inner potential of 
 13.5eV. The evolution of the Dirac cone dispersion can be clearly seen which no 
doubt reveals the bulk properties of the Dirac cone. While the surface Dirac cone 
dispersions (marked by the yellow dot lines) keep constant except the changing of 
signal intensity. In addition, we can also reveal the type-II properties of the bulk Dirac 
cone by the ARPES data under different photon energies. Fig. 4a is a sketch of type-I 
and type-II Dirac cones. Let’s consider the valence band forming the lower part of the 
Dirac cone (blue color). The top positions of the valence band (Γ point in our case) 
under different momentum (kz in our case) are marked by the red dots. One can 
clearly see for a type-I Dirac cone, the top position is highest at Dirac point and 
reduces when departing from Dirac point. However, for a type-II Dirac cone, the top 
position goes monotonically when momentum sweeps over the tilted cone region. In 
our ARPES data, the valence band forming Dirac cone in each panel is marked by the 
red dash line. The position of the valence band at Γ point under photon energy of 
18.5eV and 19.5eV is somewhere upper than Fermi level and becomes lower when 
increasing the photon energy, i. e. increasing kz, which fit the case of type-II Dirac 
cone. Therefore, the type-II property of Dirac cone in Ir1-xPtxTe2 is verified by our 
experiment. 
After demonstrating the ideal type-II Dirac dispersion with single band with 
Dirac cone crossing the Fermi level as well as the artificially tunable Dirac point 
position by doping in our Ir1-xPtxTe2 samples, processing measurement of transport 
properties, such as superconductivity, in these materials becomes particularly 
important. Hence we carry out further investigation of the low-temperature transport 
 properties in our Ir1-xPtxTe2 samples. There are several previous reports
36,38,40
 on the 
superconductivity in Ir1-xPtxTe2, however, the Pt doping level is far lower than our 
samples. It is generally considered that superconductivity is no longer existed when 
x>0.1. We measure the transport of our samples under ultra-low temperature by a 
dilution refrigerator and surprisingly find that superconductivity actually survives in 
Ir1-xPtxTe2 with wide range of x as shown in Fig. 5a. For sample with x = 0.1, the 
superconducting transition temperature (Tc) is around 1.7 K, which is consistent with 
the previous report
36
. For sample with x = 0.2, the Tc decreases apparently to 0.65 K. 
When the doping level x keeps increasing to 0.3, the superconductivity is still 
survived but Tc drops to only 0.15 K. For samples with x=0.4, the superconductivity 
is finally killed in the temperature range we can get (>47 mK). Temperature 
dependence of the upper critical fields Bc2 of the samples with different x are 
displayed in Fig. 5b by solid dots and the smooth curves are the best fit curves by 
using equation: * 12 2( ) (1 / )C C cB T B T T
  . We summary all the obtained results in the 
superconductivity phase diagram displayed in Fig. 5c. When x < 0.04, a phase 
transition to monoclinic structure occurs in Ir1-xPtxTe2 under low temperature
36
. 
Increasing Pt doping strength, metastable 1T-phase is stabilized along with 
superconductivity emerges in low temperature. When further increasing x, Tc 
decreases and superconductivity disappears for x > 0.3. 
Taking the relationship between Dirac point and Fermi energy for corresponding 
sample obtained by ARPES into consideration (displayed by the sketch in Fig. 5 c), 
we are surprised to find that the Dirac points for those samples displaying 
 superconductivity are close to Fermi level. It is worth noting that superconductivity 
even survives in the sample for Fermi level aligning with the Dirac point (x=0.3). This 
may explain by the unique tilted cone dispersions in type-II semimetals. It is well 
known that in traditional type-I DSM there is little density of state (DOS) near Dirac 
points. This may eliminate the possible superconductivity near the Dirac point where 
the topological supercurrent is expected to the best. Contrary to the vanishing of DOS 
at Dirac point in type-I DSMs, finite DOS at Dirac point is created by the pair of 
electron and hole pockets formed by the tilted cone dispersion
10
 in type-II DSM and 
superconductivity can be thus promoted at Dirac point. We believe this may explain 
the survived superconductivity in samples for Fermi level aligning with the Dirac 
point. This superconductivity promoting advantage may offer the opportunities for 
possible topological superconductivity and searching for Majorana fermions in the 
future. 
 
Methods 
Crystal growth. Single crystal IrxPt1-xTe2 with different x was grown by self-flux 
method. A certain amount of iridium powder (99.9%, aladdin), platinum sponge 
(99.98%, Alfa Aesar) and tellurium shot (99.99%, aladdin) with an atomic ratio 
0.18(1-x):0.18x:0.82 were placed in an alumina crucible. The crucible was vacuum 
sealed in a thick-walled ampoule. The ampoule was heated up and kept at 950℃ for 
10 hours, then at 1160℃ for 24 hours. The melt was then slowly cooled down to 
880℃  in a week. Then the Te flux was separated from single crystals by 
 centrifugation. 
Angle-resolved photoemission spectroscopy. ARPES measurements were performed 
at BL13U of Hefei National Synchrotron Radiation Laboratory. The samples were 
in-situ cleaved and measured in the chamber with pressure below than 10
−10
 Torr. 
Photon energies from 15 eV-30 eV were used for measurement. 
Theoretical calculation. The electronic structure calculations were carried out by 
using the full potential linearized augmented planewave method as implemented in 
the WIEN2K package
43
. The General Gradient Approximate for the correlation 
potential has been used here. Using the second-order variational procedure, we 
include the spin-orbital coupling interaction. The lattice constants we used here are a 
= b = 3.93 Å and c = 5.39 Å taking a space group of 3 1P m . The muffin-tin radii for Ir 
and O are set to 1.32 Å and 1.27 Å, respectively. The basic functions are expanded to 
RmtKmax = 7 (where Rmt is the smallest of the muffin-tin sphere radii and Kmax is the 
largest reciprocal lattice vector used in the plane-wave expansion). A 14 × 14 × 9 
k-point mesh is used for the Brillouin zone integral. The self-consistent calculations 
are considered to be converged when the difference in the total energy of the crystal 
does not exceed 0.1 mRy. 
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 Figure Captions 
Figure 1| Ideal type-II Dirac band structures in Ir1-xPtxTe2. a, b, The band 
calculation of 1T-IrTe2. c, The crystal structure of 1T-IrTe2. d, The Brillouin zone of 
IrTe2. e, f, The constant energy surface of Fermi level and 0.2eV higher than Fermi 
level (i.e., the energy of Dirac point), respectively. The pair of electron (blue) and hole 
(red) pockets formed by the tilted Dirac cone touch each other at Dirac points and no 
other irrelevant pockets can be found 
 
Figure 2| Crystal growth and characterization. a, The powder XRD pattern of 
Ir1-xPtxTe2 with x=0.4 sample. Red dots are the raw data and the black curve is the 
fitting curve with crystal structure of 3 1P m  space group. Blue curve shows the 
difference between raw data and fitting. Green rods display the Bragg peak positions 
of the fitting curve. b, The EDS spectrum of one typical sample. The inset shows the 
part of the EDS spectra which correspond to the La peaks of Ir and Pt from samples 
with different x. c, Resistance versus temperature of four Ir1-xPtxTe2 samples with 
different x. The curves are offset for clearness. 
 
Figure 3| Dispersions with various doping measured by ARPES. a-c, The band 
dispersions along K-Г-M of Ir1-xPtxTe2 with different x from 0.2-0.4. The black dash 
lines are theoretical band calculation of IrTe2 (the Fermi energy is shifted for 
matching the ARPES measurement). d, Constant energy mappings of x=0.2 sample 
measured at Fermi energy to 1eV lower than Fermi energy (upper panel) and the 
 corresponding theoretical calculation of IrTe2 (lower panel, the Fermi energy is shifted 
up by 0.13eV).   
 
Figure 4| Verifying type-II Dirac property in Ir1-xPtxTe2. a, A sketch of type-I and 
type-II Dirac cone. b-g, The band dispersions of Ir0.8Pt0.2Te2 measured at various 
photon energies from 18.5eV to 23.5eV. The dash lines are theoretical band 
calculation of IrTe2 (after Fermi energy shifting) at corresponding kz momentum. The 
top positions of the valence band (marked by the red dash line) at different kz confirm 
the type-II property of Dirac cone in Ir1-xPtxTe2. 
 
Figure 5| Superconductivity of Ir1-xPtxTe2 under low temperature. a, Resistance 
versus temperature of three Ir1-xPtxTe2 samples from x=0.1-0.3 under low temperature. 
b, Temperature dependence of upper critical field of these three samples. The 
corresponding curves are the best fit lines to the experimental data. c, The 
superconductivity phase diagram of Ir1-xPtxTe2. The brown data point of x=0.04 is 
extracted from ref. 36. The sketch displays the relative relation between Fermi level 
(black dash line) and type-II Dirac points in the corresponding Ir1-xPtxTe2 samples 
measured by ARPES. 
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Figure 1| Ideal type-II Dirac band structures in Ir1-xPtxTe2. 
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Figure 5| Superconductivity of Ir1-xPtxTe2 under low temperature. 
